Abstract Models on flow and transport in surface water sediments currently neglect compaction, although it is well understood that compaction is one of the major processes below the free fluid-sediment interface. Porosity changes in the sediment layers, as a result of compaction, are measured in almost all probes: porosity decreases with the distance from the surface water-sediment interface. This paper provides a rigorous derivation of basic flux terms for a frame of reference that is moving with the fluid-sediment interface. It is shown how burial rate, interface velocity, velocities of fluid and solid phase and porosity are connected-under steady-state conditions. It turns out that porosity and the velocities in a one-dimensional column can be directly computed from each other. These findings are important not only for the understanding of compaction-driven flow itself; they are crucial for all studies on storage and transport of chemical components in sediments. As mass fluxes across the sediment-water interface may be affected, there is an indirect link on surface water quality, making these findings relevant also for research on eutrophication of surface water bodies and/or on biogeochemical cycles. Key words sediments; advection; sedimentation; compaction; transport; porous media Écoulement advectif dans des sédiments sous l'influence de la compaction Résumé Les modèles d'écoulement et de transport dans les sédiments déposés par les eaux de surface négligent souvent la compaction. Cependant il est bien connu que la compaction est l'un des processus majeurs à intervenir sous l'interface eau libresédiment. Les changements de porosité dans les couches de sédiment, sous l'effet de la compaction, sont mesurés dans la plupart des échantillons: la porosité diminue avec la profondeur sous l'interface eau libre-sédiment. Cet article propose une déduction rigoureuse des termes fondamentaux du flux en guise de système de référence évoluant avec l'interface eau libre-sédiment. Il est montré comment le taux d'enfouissement, la vitesse de l'interface, les vitesses des phases fluides et solides et la porosité sont liés en conditions stationnaires. Il s'avère que, dans une colonne uni-dimensionnelle, la porosité et les vitesses peuvent être directement déduites les unes des autres. Ces résultats sont importants pour la compréhension de l'écoulement induit par la compaction; mais sont également cruciaux pour toutes les études sur l'emmagasinnement et le transport des composants chimiques dans les sédiments. Dans la mesure où les flux massiques à travers l'interface eau libre-sédiment peuvent être affectés, il existe un lien indirect avec la qualité de l'eau de surface, ce qui rend ces résultats pertinents pour la recherche sur l'eutrophisation des eaux de surface et/ou sur les cycles bio-géochimiques.
INTRODUCTION
In many zones of the Earth, sedimentation is a major process at the fluid-solid interface, where particles present in the free water, driven by gravity, settle on the ground. The rates of net sedimentation due to the settling of particles differ by orders of magnitude, with the highest values in deltaic and shelf regions where about 90% of global flux of riverine particulates is trapped. For shelf and coastal sediments, values are in the range of 0.1-50 mm year" 1 : 0.005-5 mm year" 1 for hemipelagic sediments and 0.0005-0.02 mm year" 1 for pelagic marine sediments (Tromp et al., 1995) . Sedimentation rates depend on various factors including settling velocities in the surface water, the type of the suspended material and the trophic state of the surface water.
In the upper layer of the sediment, compaction is one of the dominant processes, leading to a compression of lower sediment layers and to a shrinking of the pore space. Observations show that porosity (p, the fraction of pore space on the total volume, in sediments of surface water bodies (ocean, lakes and rivers), decreases with depth, i.e. with the distance from the water-sediment interface. Some typical measurements are shown in Fig. 1 . Although this is well understood as an effect of compaction, the process is seldom included in conceptual models used in studies on sediments (van Cappellen & Wang, 1996; Park & Jaffé, 1996; Soetaert et al, 1996) . The analytical treatment based on well established principles, which is presented here, reveals that there are simple formulae relating sedimentation rate, velocities of fluid and solid phases and porosity. Using these formulae, solid-and fluid-phase velocities can be calculated, when porosity profiles are known. Porosities can be measured relatively easily in sediment cores.
It is obvious and well accepted that compaction is the process that causes negative porosity gradients in sediments. Berner (1980) defined compaction as "loss of water from a layer of sediment due to compression arising from the deposition of the overlying sediment". Boudreau (1986) Fig. 1 Porosity profiles in sediments: BS: Lake Burgsee, Germany, measured by Lewandowsky (unpublished); LO: Lake Ontario (Christensen, 1982) ; C1-C9: Canadian Atlantic margin and St. Lawrence river (Mulsow et al., 1998 A schematic view of the water-sediment environment, illustrating the different velocity terms, is given in Fig. 2 , in which v is the velocity of the moving watersediment interface, measured in the fixed space coordinate system (Euler system, see Lamb, 1963) ; and u and w denote fluid-and solid-phase velocities in the coordinate system moving with velocity v. A steady state is assumed. In order to clarify terms, note that in the limit case without compaction porosity, (p is constant, and Lagrangian velocities u and w are constant, too, and equal to v. A representative particle moves with this velocity down the sediment column after deposition at the interface.
With regard to observations, as shown in Fig. 1 , one may distinguish between an upper sediment layer in which compaction is a relevant process and a lower layer in which it is not. In the upper layer porosity changes, while cp is almost constant in the lower layer. Where compaction is negligible, both fluid-and solid-phase velocities are equal:
The equality holds in moving or fixed coordinate systems when there is no ambient groundwater flow. It is obvious that changing porosity is accompanied by changing velocities of the fluid as well as of the solid phase. So far most models for the distribution of chemical species in the sediment and pore water completely neglect the motions of solid or fluid phase (Martin & Bender, 1988; Archer & Devol, 1992; Alpertin et al., 1999; Sun & Torgerson, 2001) , while in other approaches a constant velocity is considered. Codes for modelling early diagenesis use constant advective velocity in the sediment (van Cappellen & Wang, 1996; Park & Jaffé, 1996; Soetaert et al, 1996) , neglecting velocity changes and compaction. Christensen (1982) presents a conceptual model with changing porosity, in which porosity and velocity profiles are both fitted from measured values independently, without taking into account that both variables are linked, as is shown in the following. In this study it is assumed that there is no influence from chemical reactions on the structure of the porous medium. In reality dissolution or precipitation have an influence on the pore space. Solid and fluid are assumed to be incompressible. The relationship with pressure or hydraulic heads is not examined. Only the steady state is studied. Consolidation as unsteady response to a changed pressure regime, as it is understood for example by Verruijt (1995) , is out of the scope of this paper.
ANALYSIS
In the following, a description of advective motions in vertical direction is derived from the mass conservation principle. It is based on the assumption of a steady state. As in the Eulerian coordinate system, the movement of the interface is an unsteady phenomenon, steady porosity and velocity profiles can be expected only in a coordinate system that moves with the interface, v. Moreover, it is assumed that, below a certain depth from the interface, porosity changes can be considered as negligible. The distinction is made between upper sediments, where compaction is active, and deep sediments. This means, physically, that the length of a representative sediment column has to be long enough to show marginal changes at the lower end. For some examples shown in Fig. 1 the considered depth is not sufficient. Besides sedimentation and compaction, no other processes are assumed to be relevant, such as interaction with groundwater.
The starting point of the derivation is the continuity equation for solid-phase velocity as formulated already by Berner (1980) :
The subscript "0" indicates values at the water-sediment interface. The given formulation is valid under the assumption of constant sediment density p." when p., denotes the density of the solid material and not the bulk density. When the porosity is given, an explicit expression for w results in: w = ^w n (3) l-<p which can be found in several papers (for example, Hurwitz et ai, 2000) . The very same formula can be obtained as result of the differential equation 3((1 -(p)w)/3z = 0 and the initial condition w(0) = wo (z is the space variable in the vertical direction). In the lower layer, where compaction is considered as negligible, porosity reaches a constant value q>|. According to equation (2), the solid-phase velocity takes a constant value there, too:
w^^-w u (4) which is lower then the velocity at the interface. Values of variables in the lower layer are indicated by subscript "1". According to equation (1), in the deep sediment the fluid phase velocity u is equal to the solid-phase velocity w:
This is the condition that fluid-and solid-phase velocity are equal when the system is out of reach for compaction. Taking u\ = «o(po/<Pi and combining equations (4) and (5) yields:
«,=^"0 (6) l-q>, In order to determine fluid phase velocities in the entire column, a differential equation needs to be solved with equation (6) 
with integration constant C. Equation (6) provides the condition from which C is obtained. Finally, the following term results: «=î^w 0 (12) cp l-q>,
DISCUSSION
The rigorous derivation of steady velocities of the solid and fluid phases governed by the processes of sedimentation and compaction has been presented. Simple formulae describe the connection between fluid-and solid-phase velocities and, as shown below, the relationship with the interface velocity. For decreasing (p, one obtains a solid-phase velocity, w, decreasing with depth and a fluid-phase velocity, «, increasing with depth. The latter property is obvious as u is the resultant of a downward velocity due to sedimentation and an upward velocity due to compaction. Equation (12) shows that the sign of M does not change, confirming the statement of Boudreau (1986) cited above.
The coefficient of wo is always lower than 1. It holds that:
Some useful formulae result when the interface velocity is included in the expressions. The interface velocity, v, is identical to the velocity of the moving coordinate system. It can be obtained by evaluating velocities at the top of the sediment column, but, in fact, the evaluation point is arbitrary, because along the entire column the following holds:
The simple equation (14) shows that v and w 0 are connected by a factor, which depends on the porosities <p 0 and (pi at both ends of the sediment column and is independent of the curve, cp(z). From equation (14), an important relationship between sedimentation rate, r [mass/(time-area)] and interface velocity, v, follows: r = P s w 0 <Po = P;Wp ( 1-9.
with solid-phase density p s . Equations (3) and (12) can be easily calculated for an arbitrary porosity profile. For the typical situation of exponential convergence towards <Pi, Fig. 3 shows the changes of relative velocities ulv and w/v, using the formulae:
In the figure, velocity v turns out to be a limit between solid-and fluid-phase velocities. The sediment advective velocity, w, is significantly higher than v (in the example shown in Fig. 3 , it reaches values which exceed v by a factor of 6). Fluid- phase velocity, u (downward), is always smaller than the interface velocity, v (upward). As a consequence, the fluid-phase velocity in the fixed-space coordinate system v~-u is always directed upward. At the top of the column, the solid-phase velocity has its maximum, w (j = (l • -<p, )v/(l -cp 0 ) ; and the fluid-phase velocity its
A crucial aspect is that the porosity of the non-compacting basement, <pi, is quite uncertain, as the porosity gradient is seldom zero. In fact, there is a scale dependence as, in a long core, a different value for (pi can be expected than in a core which is one order of magnitude smaller or even less. Nevertheless, the difference, A(pi, can be expected to be relatively small: Acpi « 9. It follows that the correction due to the uncertainty of q>i in equations (16) is proportional to AcpiAp and thus small as well.
The difference between wo and v explains why the time period in which a lake vanishes as result of sedimentation is significantly underestimated when predictions are made on the basis of the sedimentation rate. For the same reason, advective transport in sediments is overestimated when the sedimentation velocity v is taken for advection within the entire column, as is done in many studies (see above). Holzbecher (submitted) discusses the influence of advective flow in sediments on mass transport. As a principal result it turns out that the concept of diffusion dominance (see Tromp et al., 1995) in sediment layers is valid only for tracers, while for dissolved components interacting with the solid phase, advection may become dominant.
Velocities of both fluid and solid phases are crucial for the quantification of transport phenomena. Unfortunately, the direct measurement of representative velocities in the sedimentation region is practically impossible. In contrast, porosity profiles in sediments can be obtained from core examination and by other measurement techniques. The presented one-to-one correspondence allows the calculation of velocity from measured porosity profiles, provided the interface velocity v is known.
It should be noted that the analytical derivations are solely based on the mass conservation principle. No flux law has been applied. Applying the well-established Darcy's law for flow in porous media leads to a differential equation for hydraulic heads or pressures. The mathematical treatment is similar to the derivations presented in textbooks on groundwater flow (Bear, 1972; Bear & Verruijt 1987) . It has to be emphasized that, in contrast to groundwater, in the analysis given above the solid phase is not static in space; it moves. Under these circumstances Darcy's law has to be applied in the following generalized version:
with hydraulic conductivity, K/, and hydraulic head, h. Alternatively Darcy's law can be noted in terms of fluid pressure, pj (Verruijt, 1995; Fowler & Yang, 1999) . For given velocities, u and w, this yields a differential equation for p/. Pressure reformulations allow a formulation in terms of effective pressure (Boudreau & Bennett, 1999) . In that way a connection with Terzaghi's fundamental theory for geotechnics is given. Effects of compaction on the specific storage coefficient can be neglected in the study of the steady state. As sediments form a transition or interface zone between subsurface and surface water, the results of the paper are also of interest for the connection between aquifers on the one hand, and rivers and lakes on the other. The regional groundwater flow velocity, u g , has to be taken into account in addition to the compaction-driven component. Within the presented formalism one needs to change the fluid-phase boundary condition as noted in equation (5) 
Note that a positive value for u g represents groundwater recharge, i.e. flow from the surface water body into the groundwater compartment, while a negative value represents groundwater discharge into rivers or lakes. The theoretical concept presented above for sediments of surface water bodies can partially be adapted to sedimentary basins. In fact Palciauskas (1988) presents the analogous formula to equation (3) for subsidence velocity, noting that this is a formulation which is independent of the permeability distribution. At the ground surface, the situation is surely more complex than at the bottom of surface water bodies, as the air-as a third phase-is involved.
